Abstract. Techniques for fabrication of multilayer dielectric mirrors with the reflectivity varying over their surfaces are described. They were used at the output of the cavity of a high-power industrial Nd 3+ : YAG laser to form a beam with a Gaussian or super-Gaussian intensity distribution. The permissible range of variation of the mirror reflectivity was 40% -90% and it was reproducible from sample to sample to within 5%. A mirror with the reflectivity of 84% was used at the output of a plane-plane cavity of a cw Nd 3+ : YAG laser (output power 12 W) to increase the axial brightness by a factor of 17.
Introduction
Multilayer dielectric laser mirrors with the reflectivity varying smoothly over their surfaces [1 -7] are used in lasers of various types [1 -14] . In a stable or unstable cavity, such a mirror can perform transverse mode selection when the lowest-loss transverse mode has an amplitude distribution close to the mirror reflectivity profile. When this profile is nearGaussian (Gaussian mirror, GM) or super-Gaussian (superGaussian mirror, SGM), the laser emits radiation which consists of one or few transverse modes, the mode volume in the active medium and the output power decrease, but the axial brightness rises.
The use of GMs and SGMs in an unstable cavity is justified for a high-power solid-state laser, because it provides the optimal combination of the cavity output mirror functions in respect of correction and outcoupling of the radiation. An unstable cavity of a high-power Nd 3+ : YAG laser generates of single-mode radiation, but-because of strong thermo-optical distortions in the active crystal-the quality of such radiation is very far from that expected in the diffraction limit. The amplitude losses introduced by GMs or SGMs make it possible to improve the optical quality of the output radiation, i.e. to bring the laser beam parameter M 1 (beam quality factor) [15] closer to unity.
In a high-power Nd 3+ : YAG laser with a plane-plane cavity, a thermal lens builds up in the active crystal and makes the cavity stable, so that the output radiation structure becomes multimode. The use of GMs or SGMs can reduce the number of transverse modes participating simultaneously in the lasing process. However, generation of single-mode radiation by means of GMs or SGMs is hardly possible because of the stochastic aspects of the formation of a strong thermal lens in the laser crystal. Nevertheless, a GM or an SGM combined with correction for the thermal lens by an intracavity adaptive optical system [13, 14] can ensure single-mode emission from a high-power Nd 3+ : YAG laser.
An alternative to a GM or an SGM in an Nd 3+ : YAG laser cavity is a controlled Fabry-Perot etalon in which one of the semitransparent reflecting surfaces is deformed by a piezoelectric element. The reflectivity profile is governed by the bent surface and the integral reflectivity is determined by the bending amplitude. This combination of the properties of a controlled Fabry-Perot etalon may be useful in a solidstate laser cavity of controlled configuration when the controlled parameter is the feedback strength and, therefore, the laser efficiency (the losses introduced by the etalon alter the optimal integral reflectivity that ensures the maximum output radiation power in the cavity) [16] .
We shall consider the feasibility of fabricating multilayer dielectric mirrors with a smoothly varying reflectivity profile (graded-reflectivity mirrors) and report experimental results on the use of such mirrors in the cavity of a high-power industrial cw Nd 3+ : YAG laser.
Multilayer dielectric graded-reflectivity mirror
In a multilayer dielectric GM or SGM the thickness of at least one of the alternate layers (which is I/An, where X is the radiation wavelength and n is the refractive index) varies smoothly over the mirror surface (Fig. 1 rotating mask [2, 3, 7, 18, 19] and the method utilising the shadow of a cylindrical aperture located at a certain distance from an optical component [1] [2] [3] [4] [5] [6] [7] [17] [18] [19] ('fixed mask' method). We used the latter method because it is simpler, does not require modification of the vacuum chamber, and permits experimental determination of the mask parameters (diameter of the cylindrical aperture and mask thickness) needed to obtain a given profile of the mirror surface reflectivity. On the other hand, in the rotating mask method, profiled layers of high optical quality can be fabricated provided the rotating mask is centered precisely relative to the centre of the substrate, which is not always possible in a layer deposition system. Fabrication of GMs and SGMs by the fixed mask method is described in Refs [1 -7] . A mask of thickness h has a cylindrical aperture with a diameter D. Rotation of a substrate-supporting turret relative to a evaporation source (located to one side of the substrate rotation axis) results in constant variation of the position (on the substrate surface) of a 'shadow' of the edge of a cylindrical aperture in the mask, which leads to nonuniform deposition of the evaporated substance on the substrate. A layer of variable thickness is thus formed on the surface of an optical component. Figure 2 shows schematically the positions of the substrate and of the evaporation source in a vacuum chamber. Masks of different thickness and diameter can be used in the deposition system to obtain different profiles of the deposited layer thickness. In a mirror fabricated by this method, all the layers are of variable thickness (Fig. lb) and are deposited through the same mask, which simplifies greatly the mirror fabrication technique. Source Figure 2 . Geometry of the deposition of Gaussian and super-Gaussian mirrors: S 1 is the distance from the centre of the substrate to the turret rotation axis; L is the distance from the centre of the substrate to the plane in which the source is located: V is the tilt of the substrate plane relative to the vertical; / is the distance from the evaporation source to the turret rotation axis.
These ZrO 2 /SiO 2 layers were deposited at a constant rate by an automated procedure. The average deposition rate was 0.65 nm s" 1 for ZrO 2 and 1.5 nm s~~' for SiO 2 . We used a set of masks (Table 1 ) made of stainless steel or of Duralumin. The best results were obtained for the stainless-steel masks. The mirror reflectivity profile was determined with the apparatus shown schematically in Fig. 3 . A beam of light from an incandescent lamp illuminated a mirror through an aperture 0.5 mm in diameter and it was projected onto a monochromator slit. This selected the spectral component at the wavelength /. = 1.064 urn, which was recorded with a photodiode from which a signal was sent to a lock-in detector. The mirror, attached to a movable stage, was set in uniform motion relative to the beam by means of an electric motor. In this way the mirror reflectivity profile was determined. The distribution of the mirror transmission was then digitalised and the reflectivity distribution was reconstructed with the aid of an approximating function
where r max is the maximum transmissivity of the mirror; N is the super-Gaussian distribution exponent; r is the radial distance from the centre of the mirror; r 0 is the radius of the reflectivity profile determined at the e" 1 level.
A mirror was deposited in a BAK-640 Balzers vacuum deposition system with two-beam electron guns and a quartz oscillator for monitoring the layer thickness. The geometry of the substrate position in the vacuum chamber was as follows: / = 17.5 cm, S = 23 cm, L = 60 cm, <F = 74° (Fig. 2) . It should be stressed that, in contrast to the technique described in Ref. [5] , the substrate rotation was not of planetary nature.
Alternate ZrO 2 /SiO 2 layers were deposited on a K8 glass mirror substrate (n = 1.52). Nine alternate layers were deposited on a mirror with the reflectivity R n 84% at its centre and three layers were deposited on a mirror with R m3X ~ 40% (the refractive index of ZrO 2 is n = 1.95 -2.0 and that of SiO 2 is n = 1.45). The substrate was heated to 300 c C in a vacuum chamber evacuated to 7 x 10 mbar, but the pres- Typical values of/V, r 0 , and R max obtained for our mirrors were: /V = 2-10, r 0 = 2 -5 mm, R m . dx ~ 40% and 84%,. The parameters of the mirrors with R mdx ~ 84%> are listed in Table 1 
Results of experiments on an LTI-701 cw Nd
3+ : YAG laser with a cavity in which a super-Gaussian mirror was used at the output We investigated the feasibility of transverse mode selection in a stable cavity by a graded-reflectivity output mirror in an LTI-701 cw Nd + : YAG laser with an output power up to 12 WU = 1.064 (im). The Nd 3+ : YAG active element, 5 mm in diameter and 10 cm long, was pumped by a DNP6/90A-1 krypton-filled continuously operating arc lamp. The planeplane laser cavity, at the centre of which the laser head was located, was 96 cm long. The output mirror reflectivity was 84%. When the active crystal was pumped, a thermal lens with a specific optical power of 1 dioptre kW~L appeared in the crystal. This made the laser cavity stable and, when the pump power exceeded 2 kW, several transverse modes were excited. The nominal multimode radiation power was 12 W when the pump power was 3.25 kW.
Our task was to investigate changes in the mode composition of the output radiation of this laser when a conventional output mirror in the cavity was replaced with a graded-reflectivity mirror. We used the apparatus shown schematically in Fig. 5 . The laser radiation power was measured with an IMO-2N power meter and the radial intensity distribution in the beam was recorded with a CID 2220A (C1D Technologies Inc.) video camera with a CID 33 array (the size of each pixel was 28 |im x 28 um and the total number of pixels was 270 x 264). The video image representing the radial beam intensity distribution was analysed on a computer with a frame grabber made by Image Nation Corporation. The intensity distribution in the beam was recorded in the far-field zone (at the focus of a lens with / = 30 cm, located at 2 m from the laser output mirror) through a set of glass optical filters. The laser beam power was attenuated by reflection from two optical wedges, each with the reflectivity 4%. They were used, together with the R = 98% mirror, to direct the beam to the video camera. When the beam power was measured, a set of glass optical filters and a multilayer dielectric mirror with R = 84% were placed in front of the IMO-2N meter.
Figs 6a and 6b show the dependences of the output power P oul on the pump power P p when SGMs Nos 2 and 4 were used as the outcoupling mirrors. For comparison, we plotted in Fig. 6c a similar dependence for a laser with a conventional cavity. Fig. 7a shows the intensity distribution of a laser beam focused on the surface of the CID camera and the reconstructed central section of this distribution. The laser operated near its lasing threshold (pump current 18 A) and the outcoupling mirror of the cavity was the SGM No. 2. Similar data are given in Fig. 7b , but in this case the pump current delivered to the lamp was 26 A, which corresponded to the case of a strong thermal lens. Figs 7c and 7d give the same data for the laser cavity with the conventional outcoupling mirror; they were obtained when the laser-active rod was pumped under the same conditions as before. The laser beam divergence, measured at the 1/e" level, was 1.74 mrad for lasing near the threshold (corresponding to a weak thermal lens) when the pump current was I = 18 A, the voltage drop across the lamp was U = 108 V, and the cavity contained an SGM. For a cavity with a conventional outcoupling mirror pumped in the same way the divergence was 4.42 mrad. When a strong thermal lens formed in the laser rod, the divergence for the cavity with an SGM was 4.35 mrad (pump current / = 26 A, voltage drop across the lamp U = 122 V). For the cavity with a conventional outcoupling mirror, pumped strongly as just stated, the divergence increased to 6.1 mrad. The use of an SGM in the cavity reduced the output power of the laser (Fig. 6 ) because of a stronger mode selectivity and a reduction in the lasing mode volume. The best parameter for comparing the cavities with conventional mirrors and with SGMs was the axial brightness. In the experiments with 7=18 A, we found that the brightness increased by a factor of 17 when an SGM was used as the outcoupling mirror. For a pump current of I = 26 A, the brightness enhancement was by a factor of 2.6. Brightness enhancement resulting from the use of an SGM in a stable cavity was also reported in Refs [5, 13, 14] .
Conclusions
Although the principles of deposition of multilayer GMs and SGMs are known and there have been many reports of their use in lasers, our investigation provides useful information on the capabilities of a simple and inexpensive technique for the deposition of such mirrors with the aid of standard vacuum equipment for the deposition of coatings.
Moreover, in most of the published reports it is stressed that GMs and SGMs are superior to conventional dielectric mirrors only in unstable cavities. However, the use of GMs and SGMs is not always justified because the output energy is reduced. Little has been published on the suitability of GMs and SGMs for stable cavities [5, 13, 14] .
Our experiments demonstrated the advantages of using SGMs for increasing the brightness of multimode radiation emitted by an industrial laser with a stable cavity. The use of SGMs can improve greatly the mode selectivity of a stable solid-state laser cavity.
